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In  line  with  these  requirements  a magnet  sintering  facility  capable  of  ultra-high  vacuum  operation  HO^tOTr 
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powder  with  low  oxygen  contamination  (from  the  environment)  have  also  been  developed  for  this  purpose. 

The  total  amount  of  oxygen  incorporated  into  the  powder  is  found  to  be  considerably  leu  than  what  is  obtained 
with  conventional  procedures.  This  has  resulted  in  remarkably  high  values  of  HL\and  h£  in  sintered  SmCo- 
magnets  produced  so  far.  An  unprecedented  value  of  29  kOe  has  been  measurrator  Hcln  a few  of  the  majnets 
as  compared  to  5 to  10  kOe  found  in  most  commercial  magnets.  The  energy  product  values  of  these  magnets  have 
been  limited  to  about  13  mGOe  because  of  poor  alignment. . Investigations  currently  in  progress  are  expected  to 
result  in  substantial  improvements  in  the  values  of  the  energyproductT^ 

^Pressure  sintering  (hot  isostatic  pressing)  techniques  have  also  been  used  for  densification  of  powder  compacts. 
Clo$e-to-theoretical  values  of  density  have  been  obtained  using  this  process.  Properties  of  magnets  formed  with 
very  coarse  powder  (using  this  technique)  were  found  to  be  quite  comparable  to  what  is  available  with  present 
technology.  With  the  use  of  finer-sized  powder,  magnets  with  outstanding  properties  are  expected  in  the  near 
future. 
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SECTION  1 
INTRODUCTION 
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The  permanent  magnet  properties  of  Sm-Co  magnets  which  make  them 
extremely  attractive  for  high  performance  applications  are  their  very 
large  intrinsic  coercivity,  H^,  and  maximum  energy  product 
Because  of  the  higher  energy  product,  a smaller  volume  of  the  magnet 
will  produce  the  necessary  magnetic  field  strength  for  a given  applica- 
tion. As  such,  it  is  an  excellent  characteristic  of  Sm-Co  magnets. 

A great  deal  of  improvement  is  not  possible  in  this  area.  The  large 
value  of  coercivity  is  a measure  of  the  magnet's  resistance  to  demag- 
netizing fields  and  therefore  relates  to  its  flux  stability.  Research 
is  needed  to  further  improve  coercivity. 

The  thrust  of  the  present  program  is  to  develop  Sm-Co  magnets 
for  application  in  future  generations  of  gyros-,  accelerometers  and  other 
components  of  inertial  systems,  where  several  orders  of  magnitude  higher 
stability  will  be  required  than  is  available  in  present  day  commercial 
magnets For  our  applications,  the  magnet  should  also  have  a constant 
residual  induction  over  a small  range  of  temperature  and  be  compatible 
with  beryllium  in  thermal  expansion  characteristics.  The  latter  two 
requirements  are  not  considered  difficult  to  achieve  as  compared  to 
the  stability  requirement  of  8 parts  per  billion  in  ninety  days.  As 
already  stated,  the  stable  performance  of  a magnet  is  directly  related 
to  its  resistance  to  demagnetization,  or,  its  coercivity.  To  this  we 
may  add,  that  it  should  not  only  have  a very  high  coercivity  but  that 
its  hysteresis  curve  characteristics  must  be  as  nearly  a rectangular 
loop  as  possible. 
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SECTION  2 
OBJECTIVES 
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The  objectives  of  the  present  program  are  to  develop  improved 
sintering  procedures  to  produce  inertial  grade  Sm-Co  magnets  with 
improvements  in  the  following  areas: 

(1)  Long  term  flux  stability  at  constant  temperature  (140*F) 


Desired 

Present  capability 


0.008  ppm/90-day 
3 to  12  ppm/day 


Thermal  stability  of  residual  induction  - 


Desired 

Present  Capability 


0.1  ppm/°F 
300  ppm/°F 


Tailoring  of  thermal  expansion  coefficient  - 


Desired,  same  as  beryllium 
Isotropic 


Oriented: 


(b)  vertical  to  magnetization 
direction 


2.8  yin/in*F 
5.6  yin/in#F 


(a)  along  magnetization  direction  2.8  jiin/in°F 


7.2  pin/in°F 


SECTION  3 


RATIONALE 


3. 1 Flux  Stability  at  Constant  Temperature 

Of  the  three  objectives  listed  in  the  previous  section,  the 

first  one  is  the  most  important  and  required  a careful 

analysis  of  theory  and  experimental  data  involved  to  formulate  a plan 
(2) 

of  attack  . Based  on  the  above  analysis  we  arrived  at  the 
conclusion  that  we  would  have  to  improve  both  the  intrinsic  coercivity 
and  the  general  characteristics  of  the  second  quadrant  of  the  (B-H) 
curve.  In  order  to  obtain  the  above  magnetic  behaviors  the  structural 
requirements  from  the  materials  point  of  view  would  be  to  produce  a 
highly  densified  (93  percent  of  theoretical  or  better)  sintered  body 
comprised  of  very  fine  crystallites  with  the  fewest  number  of  defects 
possible. 

The  anisotropy  magnetic  field  of  the  compound  SmCo5  is  about 
350  kOe.  The  hexagonal  SmCos  crystal  reaches  its  saturation  magnetization  of 
about  10  kG  when  a magnetic  field  of  no  higher  intensity  than  10  kOe  is 
applied  along  its  easy  magnetizing  direction,  which  happens  to  be  its 
C-axis.  However,  in  order  to  reach  saturation,  the  field  applied 
parallel  to  the  basal  plane  of  the  crystal  has  to  be  350  kOe.  The 
physical  implication  of  the  above  facts  is  that  a single  domain  SmCo5 
particle  (smaller  than  1.6  ym  in  any  direction  ^ ) containing  zero 
defects  would  require  a reverse  magnetic  field  of  350  kOe  to  completely 
reverse  its  magnetization.  In  other  words,  the  intrinsic  coercivity  of 
this  particle  is  350  kOe.  A SmCos  magnet  body  composed  of  densely 
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packed  particles  of  the  above  description  would  have  a residual  induction 

(B  ) of  10  kG,  H . of  350  kOe,  a (BH)  of  25  mGOe  and  an  absolutely 
r ci  max  « 

perfect  rectangular  hysteresis  loop  of  gigantic  proportions.  The  above 
structural  features  appear  unattainable  under  terrestrial  conditions. 

The  main  cause  of  the  defects  is  the  ever-present  oxygen  in  the  magnets. 

One  of  the  primary  objectives  of  the  program  is  to  reduce  the  oxygen 
content  of  the  magnet. 

Clearly,  the  demagnetization  process  of  sintered  Sm-Co  magnets  . 

is  not  a result  of  the  vector  rotation  of  magnetization.  If  it  were  a 
rotational  process,  the  intrinsic  coercivity  would  be  350  kOe  instead 
of  only  15  to  30  kOe  which  is  generally  found  in  commercial  magnets. 

The  mechanism  of  demagnetization  is  actually  a process  of  nucleation 
and  growth  of  reverse  domains  under  the  influence  of  a reverse  magnetic 
field  at  defect  sites  in  a crystallite.  Once  a nucleated  domain  reaches 
a critical  size,  it  easily  sweeps  across  the  entire  grain  with  little 
or  no  increase  in  the  intensity  of  the  applied  reverse  field.  The 
magnitude  of  the  required  reverse  field  for  the  reversal  of  magnetization 
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can  vary  from  very  small  (self-demagnetizing  field)  to  very  high  field 
(many  decades  of  kOe)  intensity.  A magnet  body  comprised  of  millions 
of  crystallites  would  therefore  demagnetize  over  a wide  range  of  applied 
field.  The  larger  the  number  of  defects  in  a crystal,  the  more  likely 
it  is  to  reverse  at  a lower  field.  A magnet  that  has  a lower  coercivity 
than  another  must  therefore  have  more  defects  per  crystal.  A magnet 
with  larger  grain  size  is  found  to  have  more  defects  per  crystal  and 
therefore  should  and  does  have  lower  coercivity. 


(4  5) 

Coercivity,  as  has  already  been  shown  ' , is  related  to  the  long- 


term flux  stability  of  a magnet.  And  from  the  reasons  we  have  given  above, 
coercivity  is  seen  to  be  directly  related  to  the  number  of  defects  per 
crystal.  With  a given  number  of  defects  per  unit  volume  of  a magnet  it 
will  definitely  be  profitable  to  have  the  grain  size  as  small  as  possible 
to  obtain  fewer  defects  per  crystal.  Thus,  we  have  defined  one  of  the 
two  structural  requirements  for  a more  stable  magnet.  The  grain  size  in 
the  magnet  must  be  as  small  as  possible. 
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The  discussion  so  far  has  been  the  reversal  of  magnetization 
initiated  by  defects  present  in  the  magnets.  There  are  a number  of  kinds 
of  such  defects,  but  the  ones  that  are  known  to  be  the  most  significant 
contributors  are  due  to  the  presence  of  foreign  atoms  in  the  alloy. 

Two  important  sources  of  the  contamination  by  foreign  atoms  are  the 
crucibles  used  for  melting  the  alloys  and  the  oxygen  in  the  air  which 
invariably  comes  in  contact  with  the  alloy  and  its  powder  during 
processing.  Since  the  alloy  must  be  prepared  by  melting  Sm  and  Co 
together,  there  is  bound  to  be  some  contamination  from  the  crucible 
walls.  It  can  be  minimized  by  proper  melting  procedures.  The  amount 
of  oxygen  pickup  can  also  be  controlled  to  a certain  extent,  but  it 
is  practically  impossible  to  completely  eliminate  it.  Commercial 
sintered  magnets  contain  between  one  and  two  weight-percent  oxygen. 

Research  recently  conducted  at  The  Charles  Stark  Draper 
Laboratory,  Inc.  (CSDL) , has  provided  strong  evidence  of  the  damaging 
influence  of  oxygen  on  the  coercivity  and  the  coercivity-retaining 
ability  of  Sm-Co  magnets.  The  oxygen  content  in  the  CSDL  arc-plasma- 
sprayed  magnets  is  less  by  an  order  of  magnitude  than  in  commercial 
magnets.  Sprayed  magnets  also  have  almost  twice  the  coercivity ^ . In 
addition,  these  magnets  are  greatly  resistant  to  degradation  in  Hci  from 
the  same  thermal  processing  that  is  known  to  be  severely  detrimental  to 


commercial  sintered  magnets.  This  increased  coercivity-retaining 

ability  is  believed  to  be  directly  related  to  the  lesser  amount  of 

(7) 

oxygen  in  the  material  . Dissolution  and  reprecipitation  processes 

involving  oxygen  are  known  to  result  in  localized  composition 

inhomogeneities  which  are  composed  of  low  anisotropy  (and  therefore  low 

(7  9 8) 

coercivity)  material'  ' 

An  insight  into  the  effect  of  oxygen  on  coercivity  of  Sm-Co 

(8) 

magnets  is  provided  by  the  excellent  study  by  Bartlett  and  Jorgensen  ' 


temperature)  in  excess  of  the  solubility  at  800°C.  Therefore  on  cooling 
from  the  sintering  temperature  submicron  size  particles  of  Sn»203 
precipitate  within  the  S111C05  grain  accompanied  by  a depletion  of  Sm  in 
the  surrounding  regions.  The  depleted  regions  form  Sm2Coi7  particles 
which  are  of  much  lower  anisotropy  than  SmCos.  In  the  light  of  their 
investigations,  the  variation  in  coercivity  observed  by  many 
workers  can  be  explained  as  directly  related  to 

the  dissolution  and  precipitation  phenomenon  of  oxygen  in  S111C05.  So 
here  is  our  second  requirement,  which  is  a reduction  of  defects  in  the 
SmCos  crystallites  by  reducing  the  amount  of  oxygen  in  them. 

A third  requirement  for  stable  performance  at  constant  temperature 
is  a sufficiently  densified  body  whose  internal  porosity  is  isolated  from 
the  surface.  This  is  of  no  great  concern  since  practically  all  sintered 
Sm-Co  magnets  meet  this  requirement  by  densifying  the  body  to  93  percent 
or  higher.  Normal  sintering  at  around  1100°C  produces  that  kind  of  density. 

3.2  Constant  Flux  at  Varying  Temperatures  Within  Small  Range 

Loss  of  residual  induction  of  a magnet  on  taking  it  up  to  an 
elevated  temperature  below  its  Curie  temperature  is  composed  of  two 
parts:  irreversible  and  reversible.  On  cooling  down  to  room  temperature, 
the  reversible  loss  is  restored,  but  the  irreversible  loss  can  be 
regained  only  by  remagnetization,  provided  there  has  been  no  structural 
change  caused  by  the  thermal  cycling.  Assuming  that  to  be  the  case, 
the  magnet,  after  the  first  thermal  treatment,  will  retrace  the  same 
induction  versus  temperature  curve  on  repeated  thermal  cycling  between 
room  temperature  and  the  particular  higher  temperature. 

SmCo^  shows  a continuous  decrease  of  flux  at  a rate  of 
approximately  400  ppm/°C  within  a temperature  range  of  R.T.  to  250°C. 

All  light  rare  earths  show  similar  behavior  as  Sm.  However,  the  heavier 
rare  earths  (HRE)  such  as  Er,  Ho,  Dy,  Gd  and  Tb  have  an  initial  increase 
before  they  start  to  decrease  towards  zero  at  Curie  temperature  . 

From  the  above  two  references  we  have  replotted  the  data  on  saturation 
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magnetization  of  the  heavy  rare  earth  - C05  compounds  along  with 
those  of  SmCo5  for  the  temperature  range  of  200°K  to  400°K  in  Fig.  1 
This  includes  the  temperature  of  interest  for  us.  Because  of  the 
opposite  signs  of  temperature  coefficients  between  that  of  SmCos  and 
the  HRE  C05  one  would  expect  that  a rare-earth  composition  balanced 
between  Sm  and  any  of  the  HRE ’ s would  result  in  a zero  temperature 
coefficient. 


12/77  CD13030 


TEMPERATURE  (°K) 


Figure  1.  Saturation  magnetic  moment  (a  ) as  a function  of  temperature 
of  SmCos  and  some  HRECos's.  s 
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Studies  done  elsewhere'  ' have  shown  such  results  using  the 
two  HRE  elements  Gd  and  Ho  in  conjunction  with  Sm.  It  takes  approximately 
20  percent  Ho  and  40  percent  Gd  to  achieve  near-zero  temperature 
coefficient.  The  slopes  of  TbCos  and  ErCos  are  much  higher  than  either 
H0C05  and  GdCos . It  will  therefore  require  a much  smaller  amount  of 
ErCo5  or  TbCos  to  achieve  the  zero  temperature  coefficient.  The  result, 
of  course,  will  be  that  we  will  not  have  to  sacrifice  as  much  of  the 
energy  product.  This  is  important  in  view  of  the  fact  that  almost  50 
percent  of  the  energy  product  is  lost  when  perfect  temperature  compensa- 
tion is  brought  about  by  the  addition  of  GdCos.  In  the  case  of  H0C05 
the  loss  is  still  a third  of  the  energy  product.  With  ErCos  and  TbCos 
the  loss  of  energy  product  is  not  expected  to  be  any  more  than  about 
10  to  15  percent. 

3.3  Tailoring  of  Expansion  Coefficient 

The  thermal  expansion  coefficient  of  Be  is  midway  between  isotropic 
SmCos  magnets  and  the  basal  plane  of  the  oriented  magnet  [see  Section 
2(3)].  In  order  to  achieve  a perfect  match,  we  will  have  to  reduce  the 
degree  of  orientation.  At  this  time,  it  is  not  known  what  the  effect 
of  either  TbCos  or  ErCos  addition  is  going  to  be  on  the  thermal 
expansion  characteristics.  This  effect  will  have  to  be  determined 
before  adjusting  the  orientation.  Unfortunately  the  adjustment  of 
thermal  expansion  is  going  to  result  in  some  sacrifice  in  the  energy 
product.  Of  course,  as  we  have  seen  in  the  previous  section,  a small 
portion  of  the  energy  product  is  also  lost  in  internal  temperature 
compensation.  But  that  loss  is  not  any  more  severe  than  external 
compensation,  which  we  would  have  to  provide  if  it  were  not  internally 
compensated.  Internal  compensation  is  less  complicated,  requires  less 
material,  and  should  be  more  stable,  not  depending  on  the  physical 
location  of  a compensator  relative  to  the  magnet. 
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SECTION  4 
PROGRAM 


4.1  Overview 

The  program  is  aimed  at  producing  highly  stable  and  temperature 
compensated  sintered  Sm-Co  magnets  from  powders  (prepared  from  alloys  of 
Sm  and  Co)  . In  order  to  obtain  the  desired  properties  the  densif ied 
magnets  should  be  composed  of  fine  grains  with  minimal  defects  by  greatly 
reducing  the  oxygen  content  in  the  final  product. 

Oxygen  contamination  occurs  during  powder  preparation  and  sub- 
sequent processing.  All  powder  preparation , alignment,  compaction  and 
sintering  operations  are  being  conducted  in  extremely  clean  environments. 
The  thermal  processes  will  be  developed  which  would  greatly  minimize 
the  residual  stresses.  Slow  cooling  cycles  will  be  employed  following 
the  high  temperature  treatments.  If  that  procedure  results  in  loss  of 
properties  then  stress  relieving  treatment  after  fast-cooling  rates 
will  be  considered  as  an  alternative. 

The  sinter  process  program  plan  is  shown  in  Fig.  2,  with  various 
action  items  in  designated  boxes.  Shaded  area  in  various  boxes  indicate 
whether  the  action  has  commenced  and  the  amount  of  shaded  area  denotes  the 
level  of  completion  of  the  item.  Although  a large  number  of  the  boxes 
are  completely  shaded  and  would  tend  to  indicate  that  the  program  is 
nearly  completed,  the  fact  is  that  the  program  has  a good  start  and  is 
beginning  to  roll  along.  Detailed  investigations  of  sintering  cycles, 
optimizing  heat  treatments,  temperature  compensation  studies,  stability 
evaluation,  etc.  are  yet  to  be  performed. 
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Figure  2.  Various  steps  in  the  sinter  process 
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The  specific  tasks  are  as  follows : 


(1)  Optimization  of  powder  preparation. 

(2)  Optimization  of  composition  by  blending  two  alloys. 

(3)  Optimization  of  alignment,  pressing,  sintering,  and  heat 
treatment  for  maximum  intrinsic  properties. 

(4)  Pressure  sintering  (hot  isostatic  pressing)  and  optimizing 
heat  treatment  for  even  better  properties. 

(5)  Blending  S111C05  and  H RE -Co  5 for  temperature  compensation. 

(6)  Controlled  variation  of  alignment  for  thermal  expansion 
matching . 

(7)  Development  of  the  understanding  of  the  above  items  in 
their  physical  phenomena. 

(8)  Stability  measurements  and  relating  these  determinations 
to  physical  and  magnetic  properties. 


SECTION  5 

DESCRIPTION  OF  THE  SINTER  MAGNET  FACILITY 


Since  all  the  alloys  required  for  this  program  are  being  purchased 
from  commercial  sources,  no  alloy  melting  equipment  was  required.  It  is 
also  possible  to  purchase  alloy  powders  from  vendors.  However,  our  initial 
experience  with  purchased  powders  for  use  in  the  Arc-Plasma-Sprayed  Magnet 
Program  revealed  that  the  preparation  process  used  by  vendors  lacked 
adequate  control  in  two  areas  of  great  importance: 

(1)  Minimization  of  oxidation  during  preparation,  and 

(2)  Particle  size  and  size  distribution. 

As  a result  of  the  above  experience , we  decided  that  we  would  have 
to  prepare  our  own  powder  for  our  experiments.  However,  we  would  continue 
to  purchase  the  alloys,  which  were  to  be  prepared  to  meet  our  specifications. 
In  preparation  for  the  ONR  sponsored  effort,  CSDL  provided  a Sm-Co  magnet 
research  laboratory  with  the  following  essential  functions: 

(1)  Powder  preparation  with  controls  on  - 

a.  particle  size  and  size  distribution 

b.  minimal  oxidation 

c.  blending  of  alloy  powders  to  obtaine  desired  composition 

(2)  Compaction  of  powder  in  an  aligning  field. 

(3)  Sintering  and  thermal  optimization  treatments  in  an 

ultraclean  environment. 
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Fig.  3 shows  the  powder  preparation  facilities  for  the  Sm-Co 
magnet  program,  consisting  of  a Jaw  crusher,  a double  disc  pulverizer, 
an  attritor  ball  mill  and  a blending  machine  with  two  stainless  steel 
blender  shells.  In  addition,  we  have  also  installed  a Ro-tap  sieving 
machine  mounted  inside  a soundproof  box. 


Figure  3.  Powder  preparation  machinery  complex. 
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The  powder  compaction  system  is  shown  in  Fig.  4.  A 30-ton  motor- 
driven  press  is  shown  located  at  the  center,  in  pressing  position.  An 
electromagnet  capable  of  producing  20  kOe  aligning  field  for  a 1/2  inch 
diameter  disc  sample  is  mounted  on  the  lower  platten.  The  magnet  was 
designed  and  built  by  The  Charles  Stark  Draper  Laboratory  (CSDL) . To 
the  right  of  the  press  is  a 10  kw  dc  power  supply  also  designed  and 
built  at  CSDL,  for  the  electromagnet.  On  the  left  is  a 1 kw  pulsed 
power  supply  which  can  energize  a pulsed  coil  within  the  electromagnet 
cavity  with  half-millisecond  20  kOe  pulses  once  every  30  seconds.  This 
level  of  pulsed  field  may  or  may  not  give  a much  better  aligned  magnet 
over  what  is  done  with  the  20  kOe  dc  magnet.  There  are  plans  right  now 
to  modify  the  present  pulser  with  an  additional  bank  of  capacitors  to 
provide  a pulse  energy  of  10  kw  which  will  give  us  50  kG  pulses  of  2 
millisecond  duration  once  every  minute.  This  will  be  a sufficient  boost 
in  magnet  alignment  to  increase  the  maximum  energy  product  from  about 
16  mGOe  to  20  mGOe. 

A higher  energy  product  magnet  will  possibly  possess  higher 
stability  because  of  better  alignment  and  more  uniform  density  and  thus 
better  match  the  thermal  expansion  coefficient  of  adjacent  grains.  The 
additional  energy  product  will,  of  course,  be  a welcome  bonus. 

The  die  and  plunger,  designed  by  CSDL,  are  shown  in  Fig.  5.  The 
plungers  are  hardened  tool  steel  which  can  easily  withstand  pressures 
of  100  Klb/in2.  The  outer  shell  of  the  die  is  constructed  of  three 
layers,  the  top  and  bottom  being  hardener  tool  steel  and  magnetic. 

The  middle  is  nonmagnetic.  A highly  polished  tungsten  carbide  sleeve  is 
press-fitted  into  the  composite  die  and  provides  the  smooth  wall  for 
low  friction  during  compaction.  The  magnetic  flux  is  focussed  axially 
through  the  die  to  a value  of  20  kOe.  The  focussing  assembly  is  shown 
in  Pig.  6.  Fig  7 is  a closeup  of  the  electromagnet  on  the  press 
platten  with  the  die  and  plungers  in  the  focussing  assembly  in  position 
inside  the  electromagnet. 
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TOP  PLUNGER 


The  sinter  furnace  assembly  is  shown  in  Fig.  8.  The  furnace  is 
on  the  table  top  with  its  1/2  inch  thick  wall  Inconel  muffle.  Behind 
this  furnace  is  a small  tube  furnace  for  purification  of  helium,  which 
enters  the  sinter  muffle  at  the  end  on  the  right-hand  side.  The  magnet 
samples  are  placed  in  or  taken  out  through  the  flanged  end  on  the  left-hand 
side.  A 1-1/2  inch  stainless  tube  connects  the  furnace  to  the  pumping 
system  below  consisting  of  a mechanical  pump,  a diffusion  pump  and  a 
liquid  nitrogen  trap.  The  valving  arrangement  in  the  system  permits 
isolation  of  the  furnace  from  either  the  pump  or  the  gas  flow  system. 


Figure  8.  Sinter 


Because  of  the  heavy  wall  thickness  of  the  Inconel  muffle,  it  required 
several  months  of  outgassing  before  the  first  sintering  run  was  made. 

The  system  is  now  highly  clean  and  we  can  reach  10“6  torr  range  vacuum 
with  the  furnace  running  at  1100 °C.  However,  we  do  expect  to  run  most 
of  our  sintering  experiments  in  helium  atmosphere  after  a bakeout  in 
vacuum  at  400°C  prior  to  introduction  of  gas.  The  experiments  until 
now  have  been  at  approximately  one  atmosphere  pressure  (flowing  gas) . 
However,  we  expect  to  run  some  experiments  at  considerably  higher  pressure. 
Calculations  show  that  the  muffle  is  capable  of  withstanding  2000  lb/in2 
of  gas  pressure  at  1000°C,  which  is  more  them  what  we  expect  to  use. 


SECTION  6 

HYSTERESIS  MEASUREMENTS 


The  magnets  produced  at  CSDL  are  now  being  measured  at  the 
National  Magnet  Laboratory  in  fields  up  to  150  kOe.  An  X-Y  recorder 
traces  4uM  versus  H.  4irM  is  obtained  from  an  integrating  fluxmeter 
with  two  coils.  One  of  the  coils  measures  the  magnet  flux  and  the 
other  the  air  flux.  In  a bucking  position,  these  supply  the 
(B  - H = 4itM)  signal.  The  H signal  is  obtained  directly  from  the 
control  panel  of  the  Bitter  solenoid.  A schematic  diagram  of  the 
integrating  fluxmeter  is  shown  in  Fig.  9. 

The  integrator  has  to  be  of  high  stability  in  order  to  prevent 
a drift  in  the  output  voltage  during  measurements.  Our  present  instru- 
mentation shows  a drift  of  less  than  one  percent  in  five  minutes.  This 
low  level  of  drift  is  obtained  by  using  a high  quality  integrating 
capacitor,  and  coils  with  a large  number  of  turns  (5,000). 

For  calibration,  a nickel  sample  of  identical  size  as  the  magnet 
is  used.  Small  deviations  in  size  cause  signal  changes  proportional  to 
the  volume  change.  The  selfdemagnetizing  field  of  the  magnet  causes  a 
shearing  of  the  hysteresis  curve.  The  curves  are  corrected  by  tracing 
the  4itM  axis  through  known  points  relative  to  the  nickel  curve. 


SECTION  7 

DEVELOPMENT  OF  A NOVEL  MAGNET  STABILITY 
MEASUREMENT  DEVICE 


When  a multipole  magnet  structure  is  rotated  in  an  electric 
generator  circuit  at  a constant  speed  (an  easily  controllable  experi- 
mental parameter)  a voltage  is  produced  in  the  generator  coil  which  is 
proportional  to  the  magnetic  flux  density  and  the  speed  of  the  rotor. 

With  the  speed  remaining  constant,  any  change  in  the  output  voltage  is 
due  only  to  a change  in  the  magnetic  flux  density.  The  output  voltage 
which  can  be  measured  with  great  precision,  gives  us  a direct  and 
quantitative  measurement  of  the  stability  of  the  magnets. 

Stability  evaluations  of  SmCos  magnets  have,  to  date,  been  performed 
using  a multipole  magnetic  structure  originally  designed  for  a permanent 
magnet  torque  generator  utilizing  Alnico  IX.  This  was  expedient  because 
the  required  hardware  and  test  fixtures  were  available  and  the  evaluations 
coult  be  started  quickly  and  undertaken  inexpensively.  The  arrangement, 
however,  presents  several  problems: 

(1)  Twelve  magnets,  machined  to  relatively  close  tolerances, 
are  required  for  each  evaluation.  Each  of  the  magnets 
should,  preferably,  be  cut  from  the  same  sample,  which 
is  sometines  impractical  and  always  expensive. 

(2)  The  magnets  must  be  individually  magnetized  prior  to 
being  cemented  into  the  structure;  this  submits  them  to 

a thermal  prestabilization  cycle  which  may  be  undesirable 
when  the  objective  is  to  examine  the  natural  stability  of 
the  magnets.  Also,  considerable  time  necessarily  elapses 
between  magnetization  and  the  beginning  of  measurement. 
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A new  magnetic  circuit  configuration  is  being  investigated,  which 
promises  significant  advantages  compared  to  the  former  one.  The  new 
configuration,  shown  in  Fig.  10,  has  the  following  features: 


THIS  IS  KNOWN  AS  THE  "LUNDELL" 
CONFIGURATION  OR  TYPE,  AND  IS 
OFTEN  USED  FOR  ROTORS  OF  RO- 
TATING MACHINERY,  SUCH  AS 
ALTERNATORS. 


ALTERNATE  TEMPERATURE  r 

COMPENSATOR  LOCATION  | 

{ADJUSTABLE  BY  ROTATION)  ^ 
POLE  PIECE 


DIRECTION  OF 
MAGNETISM 


RETURN  PATH 

MAGNETIZE 
AND  ALIGN 

POLE  PIECE 

MAGNET 

TEMPERATURE 

COMPENSATOR 


(1) 


Figure  10.  The  new  configuration  of  magnetic 

circuit  for  stability  measurements. 


A single,  cylindrical,  magnet  is  required  for  each  test. 

This  shape  is  compatible  with  both  sintered  and  arc-plasma- 
sprayed  fabrication  processes  and  the  only  critical  dimension 
is  parallelism  of  the  end  faces. 
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(2)  The  magnet  can  be  cemented  into  the  magnetic  circuit  (or, 
alternatively,  could  be  mechanically  clamped)  prior  to 
magnetization  because  the  magnetization  is  along  the  cylinder 
axis.  Thus,  no  (possibly  unwanted)  thermal  prestabilization 
need  be  applied.  Additionally,  the  magnet  can  be  assembled 
and  magnetized  and  temperature  compensation  adjusted  prior 
to  the  final  magnetization  preceding  the  test.  Consequently, 
stability  testing  can  commence  almost  immediately  following 
final  magnetization.  Since  magnets  decay  logarithmically 
with  time  following  magnetization,  the  rate  of  change  of 

remnance  is  most  rapid  immediately  following  magnetization 
and  becomes  progressively  slower  with  the  passage  of  time. 
Clearly,  with  a fixed  measurement  error,  the  most  accurate 
results  can  be  obtained,  or  results  of  a given  accuracy 


can  be  obtained,  in  a shorter  time  if  measurements  are 
started  as  soon  as  possible  following  magnetization. 

(3)  The  operating  flux  density  can  be  easily  altered  by 

changing  the  sample  diameter.  This  facilitates  evaluation 
of  the  effect  on  stability  of  operating  point.  Such 

i f 

r evaluation  can  be  conducted  on  a single  sample  by  progressively 

reducing  its  diameter  thus  reducing  or  eliminating  any 


SECTION  8 

EXPERIMENTAL  ACTIVITIES 


8. 1 General 

A very  carefully  planned  experimental  effort  has  gone  into  the 
magnet  program  so  far  and  includes  the  following  activities: 

(a)  Designing  and  building  of  magnetic  aligning  and  pressing 
fixtures,  sinter  furnace  components,  magnetic  hysteresis 
measurement  instrumentation  and  modification  of  stability  measurement 
devices;  (b)  installation  and  testing  of  various  components  of  the  sinter 
facility;  (c)  a three-month  long  outgassing  of  the  sinter  furnace; 

(d)  powder  preparation  techniques  and  analytical  procedures:  (e)  a 
good  start  on  sintering  and  (f)  started  using  pressure  sintering  (hot 
isostatic  pressing)  for  densified  Sm-Co  powder  magnets. 

Items  (a) , (b)  and  (c)  have  already  been  adequately  described  in 
Section  5.  Therefore,  here  we  will  dwell  on  the  three  areas  of 
experimental  activities,  viz,  powder  preparation,  sintering  and  HIPping. 

8.2  Powder  Preparation 

Powder  preparation  is  considered  to  be  one  of  the  most  important 
steps  in  the  overall  process  of  producing  high  stability  Sm-Co  magnets. 
On  the  one  hand,  in  order  to  produce  high  coercivity,  which  determines 
stability,  the  powder  particle  size  must  be  very  small.  At  the  same 
time,  we  must  also  minimize  the  oxygen  content  of  the  final  sintered 
magnet.  Unless  all  the  steps  involved  in  the  fabrication  can  be 
carried  out  without  exposure  to  air  until  after  the  final  densification 


the  two  requirements  are  difficult  to  meet  simultaneously.  Therefore, 
a compromise  is  sought,  coupled  with  extreme  care  to  prevent  oxidation 
of  the  powder.  We  had  developed  some  expertise  in  the  preparation  of 
coarse  Sm-Co  powder  for  our  arc-plasma-sprayed  magnets.  We  had  begun 
to  produce  powders  with  substantially  less  oxygen  than  in  the  purchased 
powder.  As  a result,  we  now  have  a powder  preparation  technique  which 
is  quite  satisfactory  both  from  the  size  and  oxygen  contamination  points 
of  view,  which  is  as  follows: 

(1)  As  received  alloy  is  reduced  to  -1/4  inch  size  in  a jaw 
crusher.  The  operation  is  carried  out  in  air. 

(2)  The  -1/4  inch  size  alloy  is  then  pulverized  in  the  double 
dr  c pulverizer  which  is  flooded  with  argon.  The  gas 
enters  the  enclosed  region  through  the  feed  hopper  between 
the  discs,  and  the  tightly  sealed  box  to  receive  the 
pulverized  powder.  The  adjustable  gap  between  the  discs 
controlling  the  upper  limit  on  the  powder  was  set  at  0.020 
inch  (500  urn)  opening.  The  output  of  the  pulv  -izer  is 
sieved  through  a 325  mesh  screen  and  the  minus  portion 
(less  than  ten  percent)  is  rejected. 

(3)  The  +325  mesh  powder  is  ground  for  25  minutes  in  the 
attritor  using  Toluene  as  a fluid  vehicle.  The  excess 
Toluene  is  poured  out  and  the  powder  dried  on  a watch 
glass  in  a ventillated  hood. 

(4)  The  powder  produced  by  the  attritor  mill  is  characterized 
in  the  following  manner: 

Particle  size  distribution  using  a irMC  particle 

size  analyzer  (see  Figs.  11  and  12/  . 

X-ray  fluorescence  for  bulk  chemical  composition. 

Oxygen  determination  by  vacuum  fusion. 
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(5)  Two  alloys  of  compositions  34  percent  Sm-balance  Co  and 
42  percent  Sm-balance  Co  (to  correspond  to  the  compounds 
S111C05  and  S1112C07  respectively)  were  used.  Powders  of 
various  compositions  within  the  range  of  above  compositions 
were  produced  by  blending  calculated  amounts  of  each 
powder  in  the  blending  machine. 


0 0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0  4.5 

PARTICLE  SIZE  (micron) 

Figure  12.  Particle  size  distribution  in  42% 

alloy  powder  used  for  sinter  studies. 

8. 3 Sintering 

Six  compositions  of  powder  - 36  percent,  36.5  percent,  37  percent, 
37.5  percent,  38  percent,  and  39  percent  Sm  - were  produced  by  blending  for 
the  initial  sinter  experiments.  Disc-shaped  compacts  weighing  four  grams 
each  of  each  composition  were  compacted  in  the  press  using  an  aligning  field 
of  20  kOe  at  a pressure  of  about  75,000  lb/in2.  The  discs  were  approximately 
1/8  inch  thick  with  a diameter  of  0.557  inch.  Several  sintering  runs  were 
made  varying  the  sinter  temperature  between  1100°C  and  1124°C  for  one  and 
one-half  hours'  holding  at  the  preselected  sintering  temperature  and  cooling 
down  the  furnace  overnight.  In  one  case  the  sintering  was  done  in  vacuum. 


The  program  as  originally  proposed  did  not  include  any  Hipping 
experiments.  However,  subsequent  to  the  generation  of  this  proposal  and 
prior  to  the  initiation  of  this  program  we  conducted  HIPping  experiments 
on  other  Sm-Co  magnets  with  very  favorable  results  such  as  close  to  100 
percent  density  and  no  grain  growth.  These  results  dictated  the  inclusion 
of  HIPping  as  a method  for  the  present  studies  related  to  high  stability 
magnets.  Our  initial  experiments  of  hot  isostatic  pressing  of  Sm-Co  magnets 
were  carried  out  at  900°C  under  a pressure  of  15,000  lb/in2.  We  chose  to 
stay  with  the  above  experimental  parameters. 


32 


I 


Four  compositions  - 35.5  percent,  36.5  percent,  37.5  percent  and 
38.5  percent  Sm  - were  chosen  for  the  initial  experiments.  These  were 
obtained  by  blending  the  34  percent  Sm  and  42  percent  Sm  alloy  powders. 
Since  no  grain  growth  was  expected,  we  decided  to  use  fairly  coarse 
powders.  We  ground  the  pulverized  Sm-Co  alloy  powders  for  only  about 
three  minutes  in  the  attritor  ball  mill  (compared  to  25  minute  grinding 
for  sintering) . The  powders  were  sieved  through  400  mesh  screen.  The 
-400  mesh  portion  of  the  34  percent  alloy  was  then  further  sieved 
through  450  mesh  screen  giving  two  fractions;  a -400+450  mesh  powder  and 
a -450  mesh  powder.  The  additive  alloy  (42  percent  Sm)  was  used  only  in 
the  -400  mesh  size.  The  particle  size  distributions  of  these  three 
fractions  - two  of  34  percent  and  one  of  42  percent  - are  shown  in 
Figs.  13,  14  and  15.  In  Table  1,  the  sample  designations,  the  mixing 
components  and  blended  sample  compositions  are  shown. 


i 


r*  * « -y**  v 

.,  _ i ••  < . _ . 


PARTICLE  SIZE  (micron) 


Particle  size  distribution  of 
-400  mesh  42%  Sm  alloy. 


The  blended  powders  were  packed  in  tightly  stoppered  cylindrical 
runber  boots  at  a packing  density  of  3.5  gm/cm3  and  aligned  in  a 140  kOe 
field.  These  were  cold  isostatically  pressed  at  60,000  lb/in2,  removed 
from  the  rubber  boots  and  packed  into  cylindrical  thoroughly  outgassed 
stainless  steel  cans.  The  stainless  steel  cans  were  then  evacuated, 
baked  out  at  400®C,  sealed  under  vacuum,  and  HIPped  in  a conventional 
hipping  autoclave,  where  the  hot  isostatic  pressing  was  carried  out  for 
two  hours  at  900°C  under  an  argon  pressure  of  15,000  lb/in2.  Fig.  16 


Sample  No. 

Alloy  Blending 

% Sm  in  the  Mixture 

H-l 

(-400  +450)  34%  and  (-400  42%) 

35.5 

H-2 

(-400  +450)  34%  and  (-400  42%) 

36.5 

H-3 

(-400  +450)  34%  and  (-400  42%) 

37.5 

H-4 

(-400  +450)  34%  and  (-400  42%) 

38.5 

H-5 

(-400)  34%  and  (-400)  42% 

35.5 

H-6 

(-400)  34%  and  (-400)  42% 

36.5 

H-7 

(-400)  34%  and  (-400)  42% 

37.5 

H-8 

(-400)  34%  and  (-400)  42% 

38.5 

shows  a hipped  sample  with  its  two  ends  sliced  off  by  a diamond  saw  along 
with  the  ends  of  several  others  that  were  polished  to  reveal  the 
microstructure  of  the  samples.  The  end  samples  showed  severe  cracking 
of  the  Sm-Co  alloys  (see  Fig.  17) . However,  slices  cut  further  away 
from  the  ends  showed  very  minimal  cracking  and  good  cylindrical  samples 
have  been  produced  by  electro-discharge  machining  with  the  axis  of  the 
cylinder  parallel  to  the  original  direction  of  magnetic  axis.  These 
cylindrical  discs  were  used  for  (a)  density  measurements  and  (b)  magnetic 
measurements,  in  as-HIPped  condition  and  after  subsequent  thermal 
optimization  treatments . 


Figure  17.  Microphotograph  of  polished  end  of  Sample  H-7. 


SECTION  9 

RESULTS  AND  DISCUSSION 


Powder  Preparation 


Particle  size  and  size  distribution  of  the  powders  prepared  for 
HIPping  and  sintering  have  already  been  shown  in  Figs.  11  to  15.  The 
significant  features  of  these  powders  are  their  low  oxygen  content. 

The  powders  used  in  commercial  magnets  with  an  average  particle  size  of 
about  10  ym  contain  anywhere  from  0.5  to  1.0  weight  percent  oxygen. 

The  commercially  produced  magnets  contain  one  to  two  weight  percent  02- 
With  very  careful  attention  to  every  step  of  the  preparation,  we  have 
reduced  the  oxygen  content  of  the  powder  by  several  fold  (see  Table  2) . 


Table  2.  02  content  at  various  stages. 


Alloy 


As  Received 
+325  mesh 
-325  mesh 


-400  +450 


Weight  Percent  02 


0.064 


Used  for  HIPping 


Sinter  powder;  ground  25  minutes  - 


0.221 

0.215 

0.112 


0.128 


attritor 


As  Received 
+325  mesh 
-325  mesh 


Not  Determined 


0.155 


used  for  HIPping 


Sinter  powder;  ground  25  min.  in  attrito 


0.108 


0.251 


A very  substantial  portion  of  the  oxygen  contamination  from  both 
the  alloys  was  removed  by  rejecting  the  -325  mesh  disc-pulverized 
material  prior  to  fine  grinding  in  the  attritor.  The  oxygen  level  in 
the  attritor  ground  product,  which  has  much  smaller  particle  size  (one 
pm  average)  than  the  rejected  -325  mesh  pulverized  product,  is  still 
very  low.  The  oxygen  pickup  is  only  0.064  weight  percent  in  the  case 
of  34  percent  Sm  alloy  and  0.17  weight  percent  in  the  case  of  the 
42  percent  alloy  over  the  +325  mesh  powder.  Most  probably,  the  pickup 
occurred  when  the  dried  powder  came  in  contact  with  air.  However,  we 


are  extra  careful  in  handling  this  powder.  The  blending  operation  is 
carried  out  under  an  argon  cover  to  prevent  further  oxygen  pickup. 

9.2  Sintering 

The  initial  sintering  studies  that  we  have  performed  so  far  were 
first,  to  check  out  the  performance  of  the  sinter  furnace  facility,  and 
second,  to  determine  (a)  optimum  composition,  (b)  proper  sintering 
temperature  and  (c)  optimization  of  heat  treatment  of  sintered  magnet. 

A few  trial  runs  showed  that  the  furnace  produced  very  clean  samples 
indicating  that  little  if  any  contamination  was  introduced  into  the 
samples  by  the  furnace  treatment.  The  actual  sinter  runs  were  then 
made  on  each  of  the  six  compositions  previously  mentioned.  The  furnace 
was  operated  with  vacuum  in  the  muffle  for  temperatures  up  to  400°C 
and  then  switched  over  to  flowing  purified  helium.  In  the  first  two 
runs  the  vacuum  was  maintained  until  the  temperature  reached  900°C. 
Since  an  excessive  amount  of  Sm  appeared  to  be  evaporating  off  the 
samples  during  the  first  two  runs,  flowing  gas  was  introduced  into  the 
furnace  after  a bake-out  at  400°C  in  the  subsequent  runs,  eliminating 
objectionable  evaporation  of  Sm  (reference  Table  3) . 
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Table  3.  Sinter  runs. 


Run 

No. 

Sinter 

Temperature 

°C 

Gas 

Introduction 

Temperature 

°C 

Sample 

Environment 

Average 

Density 

Percent 

Theoretical 

Porosity 

1 

1100 

900 

Open  Tray 
in  Helium 

81.6* 

Connected 

2 

1112 

900 

Open  Tray 
in  Helium 

86.8* 

Connected 

3 

1112 

400 

Open  Tray 
in  Helium 

87.3* 

Connected 

4 

1124 

400 

Open  Tray 
in  Helium 

94.5 

Isolated 

5 

1118 

400 

Open  Tray 

91.6 

Isolated 

in  Helium 

6 

1124 

Not 

Introduced 

Box  with 
pumping 
holes  and 
SmCo  powder 

88.6 

Connected 

1 

1124 

400 

Box  with 
pumping 
holes  and 
SmCo  powder 

95.6 

Isolated 

| t No  magnetic  measurements  were  performed  on  runs  No.  1 and  2 

because  of  very  low  density.  Measurement  on  run  No.  6 sintered  in 
vacuum,  revealed  them  to  be  extremely  poor  magnetically.  At  this  time 
we  are  not  contemplating  any  more  vacuum  sintering.  All  samples  of 

i 

sinter  runs  3,  4,  5,  and  7 were  measured  and  found  to  have  enough 
potential.  Following  the  measurement,  they  were  annealed  at  950°C  for 
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To  clearly  show  the  remarkable  Improvements  in  magnetic  properties 
brought  about  by  the  low  temperature  anneals  following  the  initial  sintering, 
the  second  quadrant  curves  of  a selected  sample  is  shown  in  Fig.  18.  In 
Fig.  19,  the  H ^ and  values  are  plotted  against  percent  Sm  for  the  mag- 
nets sintered  at  1118°C.  is  the  reverse  magnetic  field  at  which  90 
percent  of  the  4irMr  still  remains,  and  as  such,  it  is  a meas  ure  of  the 
stability  of  the  magnets,  and  is  therefore  an  important  magnetic  property. 
It  appears  that  the  magnets  with  composition  between  36  and  37  percent 
are  the  best.  We  should  therefore  concentrate  our  efforts  oh  them  and 
also  explore  compositions  with  less  them  36  percent  Sm.  A plot  of  Hci 
versus  sintering  temperature  for  36%  Sm  magnet  in  Fig.  20  shows  high 


H^'s  at  lower  temperatures.  The  limit  on  lower  sintering  temperature 
is  set  by  the  requirement  of  isolated  porosity.  The  sintering  temper- 
ature of  1112°C,  although  producing  better  magnetic  properties,  shows 


The  reason  for  better  properties  at  lower  sintering  temperature  is  the 
resulting  smaller  grain  size  . We  expect  to  study  metallographic 
characteristics  in  our  further  work. 

Some  of  the  magnets  produced  during  these  studies  have  shown 
extremely  high  and  values.  But  the  residual  magnetization  has 
been  about  90  percent  of  commercially  produced  magnets.  This  lower 
value  of  remanence  is  attributed  to  (a)  a distortion  in  the  aligning 
field  or  (b)  the  extremely  small  size  of  particles  that  we  have  used 
in  our  preliminary  studies,  or  both.  A field  distortion  would  undoubtedly 
cause  poor  alignment.  There  are  also  some  implications  in  the  fineness 
of  the  particles.  Very  fine  particles  may  have  deformation  stresses, 
changing  the  magnetic  anisotropy  from  an  easy  magnetic  axis  to  a wide 
angled  cone  of  magnetization^20^ . Whatever  the  reason,  we  expect  to 
determine  the  cause  of  the  poor  magnetic  induction. 

The  lowering  of  the  residual  induction  reduces  the  maximum  energy 
product.  The  highest  values  we  have  seen  in  these  magnets  are  around 
13  mGOe.  The  volume  of  the  magnet  in  a given  application  will  have  to 
be  20  percent  larger  than  a 16  mGOe  magnet.  We  can  easily  live  with 
it  if  we  obtain  a much  more  stable  magnetic  performance  in  return.  It 
is  quite  possible  that  these  magnets  will  do  just  that  since  they  not 
only  have  very  high  Hci's  (around  40  kOe  compared  to  15  to  25  in 
commercial  sintered  magnets)  but  we  have  also  seen  the  unprecedented 
values  of  29  kOe  for  in  some  of  these  magnets.  In  most  commercial 
magnets  the  is  between  5 and  10  kOe  but  may  be  as  high  as  15  kOe  in 
exceptional  cases. 

9.3  Hipping 

Magnetic  measurements  were  carried  out  on  the  spark  machined 
samples  in  as-HIPped  condition.  The  samples  were  then  homogenized  at 
1000*0  for  75  hours  followed  by  quick  cooling.  A subsequent  heat  treat- 
ment of  900°C  for  four  hours  was  given.  Magnetic  properties  were 
measured  after  each  of  the  above  two  heat  treatments,  the  results  of 
which  are  shown  in  Table  5. 
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As  expected,  the  densities  of  the  HIPped  samples  are  very  close 
to  the  theoretical  density.  In  Figs.  21  and  22,  the  microstructures  of 
samples  H-l  and  H-5  are  shown.  It  is  quite  evident  that  the  porosities 
are  very  low.  Sample  H-5  shows  smaller  grain  size  than  H-l,  which  is 


Figure  21.  Microstructure  of  Sample  H-l  in  as-HIPped 
condition.  200X  magnification. 


consistent  with  the  fact  that  samples  H-l  through  H-4  were  prepared 
from  coarser  particle  size  (-400  +450)  than  H-5  through  H-8  which  had 
the  base  alloy  powder  size  of  -450  mesh.  The  powder  size  character- 
istics were  maintained  through  the  HIPping  process  and  as  a result 
the  magnetic  properties  are  better  in  the  finer  particle  size  group. 


Figure  22.  Microstructure  of  Sample  H-5  in  as-HIPped  condition. 

200X  magnification. 

The  best  composition  was  found  to  be  the  one  having  the  lowest 

percentage  of  Sm  - 35.5  weight  percent.  A plot  of  H . and  H,  versus 

ci  k 

various  thermal  treatment  temperatures  for  the  samples  H-l  and  H-5,  the 
best  of  the  two  groups,  is  shown  in  Fig.  23. 


The  properties  of  the  as-HIPped  samples  are  very  poor,  and  are 
similar  to  the  properties  of  the  raw  powders  of  the  size  used.  However, 
the  initial  HIPping  had  done  the  two  things  we  expected  from  the 
process,  viz.  it  had  produced  (a)  a nearly  100  percent  dense  body 
and  (b)  no  grain  growth.  The  next  process  of  homogenization  heat 
treatment  of  75  hours  at  1000°C  brought  about  a remarkable  improvement, 
and  further  improvement  was  shown  by  a shorter  anneal  of  four  hours 
at  900°C.  Fig.  24  shows  the  above  phenomena  for  sample  H-5. 


H(kOe) 

Figure  24.  Demagnetization  curves  of  Hipped  Sample  H-5. 

Curve  (4)  as  HIPped,  (5)  after  ah  anneal  of 
75  hours  at  1000°C,  and  (6)  further  annealing 
at  900°C  for  4 hours. 
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SECTION  10 
CONCLUSIONS 


10.1  Sinter  Studies 

Our  initial  sinter  experiments  have  produced  remarkable  values 
as  high  as  29  kOe  compared  to  5 to  10  kOe  in  normal  sintered  magnets . This 
has  been  possible  because  of  the  very  high  degree  of  success  in  the  reduction 
of  oxygen  contamination  in  the  preparation  of  powder  of  these  alloys . As 
a result,  we  have  been  able  to  proceed  with  our  sinter  experiments  with 
the  average  powder  size  of  around  1.0  pm.  This  is  about  an  order  of 
magnitude  smaller  than  in  the  present  state-of-the-art  fabrication  process. 
It  is  possible  that  the  superfine  powder  we  have  used  has  also  contributed 
to  a reduction  of  the  energy  product  through  unsatisfactory  alignment 
capability.  Even  with  the  rather  low  energy  product  these  magnets  are 
expected  to  be  very  much  more  stable  than  commercial  magnets  and,  as  such, 
some  stability  measurements  on  these  magnets  are  warranted.  However,  we 
are  going  to  study  and  expect  to  determine  the  cause  of  misalignment. 

10.2  HIPping  Studies 

The  initial  HIPping  experiments  have  been  extremely  satisfying. 

The  fact  to  remember  is  that  we  have  used  powder  with  the  volume  of  average 
individual  particles  about  1000  times  the  volume  of  average  particles  in 
the  usual  sinter  process.  The  reasons  for  using  powder  with  such  large 
particle  size  was  to  minimize  the  oxygen  content  and  with  the  knowledge 
that  there  will  be  no  further  increase  in  grain  size.  As  expected,  our 
initial  HIPping  experiments  have  produced  magnets  comparable  in  quality 
to  the  best  available  contnercially  sintered  magnets  in  spite  of  the  large 
particle  size.  We  expect  outstanding  results  in  future  HIPping  experiments 
using  finer  particle  size. 
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We  have  come  across  two  problems  in  our  HIPping  experiments, 
related  to  the  stainless  steel  container:  (a)  cracks  in  the  magnet 
(b)  difficulty  of  getting  the  magnet  out  of  the  container. 


Cracks  were  believed  to  be  caused  by  tensile  stresses  on  the  magnet, 
core  during  cooling  from  HIPping  temperature . The  retention  of  very  high 
mechanical  strength  by  the  container  material  is  also  a contributing  factor. 


The  difficulty  of  removal  of  the  container  is  associated  with  the 
low  mechanical  strength  and  brittle  characteristics  of  the  Sm-Co  alloys. 
Machining-off  of  the  stainless  container  was  found  impossible.  Chemical 
dissolution  of  the  stainless  cover  is  just  about  impossible. 


Based  on  the  above  reasoning,  we  will  attempt  our  next  HIPping  ex- 
periments by  replacing  the  stainless  steel  container  with  copper.  Because 
of  the  low  mechanical  strength  of  copper,  cracks  are  unlikely  to  occur. 
The  container  should  be  easily  removable  by  dissolution  in  dilute  nitric 
acid. 
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